T1 RNase oligonucleotide maps of RNA prepared from type 3 poliovirus were shown to be highly characteristic of the strain from which they were prepared. Strains isolated from paralytic cases of poliomyelitis temporally associated with live poliovirus vaccination were shown to be very closely related to the Sabin vaccine strain. Comparison of strains isolated in 1962, and strains isolated between 1973 and 1975 indicated that strains derived from the Sabin vaccine strain have displaced other circulating strains of type 3 poliovirus in the U.K. as a result of the use of live polio vaccine.
INTRODUCTION
An understanding of the epidemiology of viruses is fundamental to the control of virus diseases and depends upon the reliable and unambiguous identification of strains. This has been accomplished by T1 RNase oligonucleotide mapping for many viruses, including vesicular stomatitis virus (VSV) (Clewley et al., 1977) , influenza virus (Nakajima et al., 1978) , mouse hepatitis virus (Lai & Stohlman, 1981) , foot-and-mouth disease virus (FMDV) (Robson et aL, 1979 Harris et al., 1980) and poliovirus (Minor, 1980; Nottay et al., 1981) . In all cases it has proved highly sensitive to strain variation. For FMDV, different strains of the same serotype can appear to be completely unrelated by T1 oligonucleotide mapping, while showing considerable homology in hybridization experiments (Robson et al., 1979 or by limited nucleic acid sequencing (Harris et al., 1980) . Similar variation in the maps of different strains for type 1 and type 2 poliovirus have been reported (Nottay et al., 1981) , and also for a limited number of type 3 poliovirus strains (Minor, 1980) . Strains which generate similar oligonucleotide maps are, therefore, likely to be extremely closely related.
The great success of live poliovirus vaccines against poliomyelitis in developed countries has to some extent masked the persistence of the disease at a low frequency. It is possible that the vaccine may cause poliomyelitis in a small number of instances (Wilson, 1967) . It is therefore important to establish the cause of the few cases of poliomyelitis reported annually in countries with a high level of immunization. In addition, the effect of live vaccination programmes on the circulation of wild strains has not been unequivocally established. While it has been suggested that most, if not all, strains circulating in the U.K. at present are originally derived from vaccine strains (Cossart, 1977) , this conclusion was based on identification of virus strains by their growth properties which is regarded as an unreliable method (World Health Organization Report, 1981) .
The comparative biochemical studies of type 3 poliovirus strains previously reported (Minor, 1980) with different strains. While inherited differences in the migration rates or the synthesis of proteins were found it is probable that they reflect minimal genetic changes. Strains which are in fact closely related can appear completely distinct by this method, as was demonstrated by oligonucleotide mapping of the RNA of a limited number of strains.
The work described in this communication is an extension of these studies to further establish the value of oligonucleotide mapping in studying the relationship of certain type 3 poliovirus strains to the Sabin type 3 poliovirus strain, to examine the possible implication of Sabin type 3-derived strains in cases of paralytic poliomyelitis, and to examine the effect of a live poliovirus vaccination programme on the circulation of wild strains of type 3 poliovirus.
METHODS
Virus and cell stocks. Hep2c cells were grown as described previously (Minor, 1980) . Working virus stocks were grown for one passage in Hep2c cells from virus samples received in this laboratory, and identified as type 3 strains by the use of type-specific sera (D6m6k & Magrath, 1979) . The origins of most of the strains studied have been described elsewhere (Minor, 1980) , including four strains isolated from paralytic cases before the introduction of live poliovirus vaccine in 1959, nine from cases of paralysis temporally associated with the use of live poliovirus vaccine, and twelve strains isolated in the course of investigations of individuals with no paralytic disease in the U. K. between 1973 and 1975 . In addition, six type 3 strains isolated from paralytic cases in the U.K. in 1962 early in the U.K. vaccination programme, and a further type 3 strain (DC) isolated from a case temporally associated with the administration of live vaccine have been studied.
Growth and purification of 32p-labelled virus and the preparation of T1 RNase oligonucleotide maps. 32p-labelled virus was grown and purified as described previously (Minor, 1980) except that 12 test tubes seeded with 107 Hep2c cells were used per strain, rather than 20. Virus was grown in the presence of 125 #Ci/ml 32p, precipitated with ammonium sulphate and purified on 15 to 45% sucrose gradients, and T1 RNase oligonucleotide maps prepared from extracted RNA as reported previously (Minor, 1980; Lee & Wimmer, 1976) .
RESULTS

Unrelated strains of type 3 poliovirus
T1 oligonucleotide maps were prepared from four strains of type 3 poliovirus isolated before 1959 and the first use of live attenuated Sabin polio vaccine. These strains cannot, therefore, be derived from the Sabin vaccine strain. The maps are shown in Fig. l .
The constellations of spots observed in each map were reproducible and characteristic of the strain concerned, and the overall patterns were completely different for each strain. This applies to the strains whose maps are shown in Fig. 1 (a to d) , the three different strains previously studied, and the Sabin type 3 vaccine strain Leon KP3 12axb (Fig. 2a) . Moreover, maps prepared by electrophoresis of equal amounts of digests of RNA from the strains shown in Fig. 1 and the Sabin type 3 vaccine strain showed that none of the spots co-migrated. An example is shown in Fig. 2 (b) . The map obtained is, therefore, totally distinct for each unrelated strain tested and is highly reproducible. The map of the Sabin type 3 vaccine strain Leon KP3 12alb shown in Fig. 2(a) is essentially identical to that obtained previously by Minor (1980) and by others (Lee et al., 1979) . A tracing of the pattern given by the Sabin vaccine strains is presented in Fig. 3 , in which the spots are identified by arbitrary numbers.
Spots 26A and 26B were occasionally not resolved. Excision and counting of these spots when unresolved showed that they contained approx, three times as much 32p as spots in the same region of the gel (27, 28, 29, 40 and 41) (data not shown) and spot 26A was occasionally partially resolved into two spots. Spots 26A and 26B together appeared to consist of a total of three oligonucleotides which occasionally co-migrated as a single spot. Without further resolution of spot 26A, the absence of spot 26B from an autoradiogram is not sufficient evidence for the absence of a specific oligonucleotide from the virus RNA.
Other spots which may be composed of two or more co-migrating oligonucleotides (on the basis of radioactivity measurements) were spots 22, 23, 25, 46 and 47. However, these spots were never further resolved. Strains of type 3 poliovirus isolated from paralytic cases temporally associated with the administration of live poliovirus vaccine Maps were prepared from ten strains of type 3 poliovirus isolated from cases of paralytic poliomyelitis temporally associated with the administration of live poliovirus vaccine (Minor, 1980) . In contrast to the maps from the non-vaccine strains shown in Fig. 1 , the maps from all ten strains were very similar to that of the Sabin vaccine strain. However, some strains gave maps which differed from that of the vaccine in the presence or absence of certain specific oligonucleotides. The extremes are illustrated by strain 132 (Fig. 4a ) and strain 158 (Fig. 4b) . For every spot in a recognizable constellation of spots in the map of strain 132, a corresponding spot could be found in the map of the vaccine strain Leon KP3 12a,b. Similarly, many constellations of spots present in the vaccine map were recognizable in the map of strain 158. For example, spots 1, 2 and 5 to 13 formed a clear pattern in both maps. While this is true, several spots were missing from such constellations as indicated by open circles in Fig. 4 (b) (e.g. spots 4, 19 and 40) and there were several additional spots, not found in the map of the vaccine strain, indicated by arrows. The maps of these strains, and two maps which have been published previously (Minor, 1980) , were analysed to identify which of the specific oligonucleotides numbered in Fig. 3 were deleted (Table I) , and it was clear that certain oligonucleotides (e.g. 5,24 and 34) were deleted more frequently than others.
The maps were also scored for the total number of differences from the idealized map of Fig. 3 , including both deletions and additions (also shown in Table I Oligonucleotide maps of type 3 poliovirus ,5,7, 14, 19, 24, 32, 34, 36, 40,42 11 15 26 5229 4,7,14,19,23,24,32,34,40,42,47,50 12 11 23 9052 3,5, 14, 19,21,24,32,34,40 Minor (1980) . t For spot nomenclature, see 313 confirmed by co-migration experiments (data not shown). It was of interest that strains 156 and 161 gave maps which were identical. These strains were isolated from a throat swab and faecal sample from the same individual and this finding indicates that these strains were stable in the process of their isolation as regards their oligonucleotide maps.
Strains of type 3 poliovirus isolated in the U.K. between 1973 and 1975
Oligonucleotide maps were prepared from twelve strains isolated between 1973 and 1975 in the U.K. These strains were isolated in the course of investigation of patients without paralytic disease. All twelve patterns were very similar to that obtained for the vaccine strain although as before there was a range of variation (Fig. 5 a, b) . Detailed analyses are given in Table 1 . As shown in Table 1 and as for the paralytic strains described above, certain spots found in the vaccine strain maps (19, 24, 34 and 40) were more likely to be absent from maps of these strains than others. Strains 9052 and 15282 were isolated 3 months apart in Newcastle-upon-Tyne from children of different families (Minor, 1980; M. O. Roebuck, personal communication) and gave very similar oligonucleotide maps (Table 1 ). The pattern obtained may therefore be relatively unaffected by limited passage of a strain in man.
Type 3 poliovirus strains isolated in the U.K. in 1962
Six strains of type 3 poliovirus isolated in 1962 were examined. Three were from cases of paralytic illness temporally associated with the use of live poliovirus vaccine, and gave patterns very similar to that of the vaccine strain (analysed in Table 1 ). The remaining three gave patterns completely unlike the vaccine and were therefore 'wild' strains (Fig. 6 ).
DISCUSSION
The data presented here and in a previous paper (Minor, 1980) show that T1 RNase oligonucleotide mapping is a sensitive method for differentiating between strains of type 3 poliovirus. This conclusion is entirely consistent with data reported for other viruses, including influenza (Nakajima et al., 1978) , VSV (Clewley et al., 1977) , mouse hepatitis virus (Lai & Stohlman, 1981) , FMDV (Robson et al., 1979 , and type 1 and type 2 poliovirus (Nottay et aL, 1981) . For FMDV, as for poliovirus, not only are the oligonucleotide maps of different serotypes totally distinct, but the maps of strains within a serotype also bear no obvious relation to each other (Robson et al., 1979 Nottay et al., 1981; Minor, 1980) . The high degree of variation can be predicted from the assumptions that the characteristic oligonucleotide map is made from up to approx. 60 large specific oligonucleotides which comprise 10% of the total RNA. Six-hundred mutations evenly spread throughout the genome of 8000 nucleotides could then render the map totally unrecognizable, although RNA sequence homology would still be greater than 90 %.
In contrast, the maps of strains which are related tend to be similar for the range of viruses for which published data are available Nottay et al., 1981; Clewley et al., 1977; Young et al., 1979) , although there are frequently changes in a few spots. The data reported here and previously (Minor, 1980) indicate that this is also true for type 3 poliovirus.
This sensitive method for demonstrating close relationships between strains has been applied to three classes of type 3 poliovirus isolate. Firstly, it has been shown that twelve strains isolated from cases of paralytic poliomyelitis temporally associated with vaccination are closely related to the Sabin type 3 vaccine strain. Three of these strains were isolated from the central nervous system of fatal cases (106, 115 and 119) and this finding strongly suggests that strains derived from the Sabin type 3 vaccine strain can cause poliomyelitis. Secondly, twelve strains isolated in the U.K. between 1973 and 1975 from individuals who had not been recently vaccinated, and who were without paralytic illness, were also shown to be related to the Sabin type 3 vaccine strain. This class of isolates is taken to represent virus strains circulating in a community with an established vaccination programme. In contrast, the third class of isolates which were from the U.K. in 1962, early in the vaccination programme, showed that non-vaccine viruses were present in the population at this time. The data strongly support the view that vaccine-derived type 3 strains have displaced others circulating in the U.K. as suggested by Cossart (1977) .
Many of the vaccine-related strains examined had been previously studied by the pattern of polypeptide synthesis they induced in infected cells (Minor, 1980) . The strains which gave polypeptide patterns different from that of the vaccine strain produced oligonucleotide maps differing most extensively from that of the vaccine strain. The significance of the finding that certain characteristic oligonucleotides vary from strain to strain more frequently than others is under investigation.
